Abstract Idiopathic nephrotic syndrome is the most frequent glomerular disease that presents during childhood and is mainly due to minimal change nephropathy (MCNS) and focal-segmental glomerulosclerosis (FSGS). Its treatment is still challenging, with up to 50% of the patients who are initially steroid sensitive (usually MCNS) being frequent relapsers and requiring additional long-term immunosuppression. However, current immunosuppressive regimens are associated with severe toxicity. Only half of the steroid-resistant patients (usually FSGS) achieve longterm remission even with intensive immunosuppression and plasma exchange. Rituximab (RTX), a chimeric monoclonal antibody inhibiting CD20-mediated B-cell proliferation and differentiation, has recently gained attention as a potentially successful therapy for complicated idiopathic nephrotic syndrome in children. A number of case reports and one prospective non-controlled multicenter trial point to the beneficial effects of RTX as a rescue therapy in children with steroid/cyclosporine-dependent or -resistant nephrotic syndrome. However, publication bias often results in positive outcomes being more likely to be reported than negative ones and, in particular, the safety profile of this drug in this group of patients remains unclear. Therefore, controlled randomized studies are required to assess this issue, to develop treatment guidelines, to evaluate the therapeutic and economical efficacy, and to define criteria for the selection of patients.
Introduction
Idiopathic nephrotic syndrome is the most frequent glomerular disease that presents during childhood. Its main causes are minimal change nephropathy (MCNS) and focalsegmental glomerulosclerosis (FSGS), and its treatment still remains a challenge for the pediatric nephrologist. Minimal change nephropathy usually responds to steroids, and the long-term prognosis is generally good, whereas FSGS is considered less benign. However, up to 50% of MCNS patients develop frequently relapsing nephrotic syndrome, requiring additional treatment with immunosuppressive agents, such as cyclophosphamide, cyclosporine (CyA), and mycophenolate mofetil (MMF). Moreover, up to 25% of frequent relapsers may need prolonged treatment with two or more immunosuppressive drugs, with the result that these patients develop the entity of steroid-or CyAdependent nephrotic syndrome [1] , with the associated high risk of further developing severe drug toxicity, including growth failure, gonadotoxicity, hypertension, and renal failure. The release of cytokine by T-cells has long been thought to play a key role in the pathogenesis of MCNS. More recently, however, data have accumulated pointing to a strong contribution of B-cell immunity in children with steroid-sensitive MCNS [2, 3] .
Focal-segmental glomerulosclerosis is characterized by an even worse prognosis than MCNS. Patients usually present with steroid-resistant nephrotic syndrome. Even with intensive immunosuppressive protocols, including glucocorticoid pulses, CyA, cyclophosphamide, and additional plasma exchanges, remission of the nephrotic syndrome is achieved in a maximum of 50-70% of patients [4, 5] . Failure to active remission of the nephrotic syndrome ultimately results-over the long term-in end-stage renal disease. Moreover, relapse of the FSGS after renal transplantation is observed in 14-50% of all patients [6] . In most cases, proteinuria occurs within 2 weeks and results in graft loss if remission cannot be achieved. This condition is believed to be caused by an as yet not well characterized circulating permeability factor.
According to current concepts, not only T-cells but also B-cells are actively involved in the pathogenesis of idiopathic nephrotic syndrome. In particular, the as yet unidentified circulating permeability factor may be released directly from B-cells (i.e. it is an immunoglobulin) or secondary to an aberrant cross-talk between T-and B-cells. These hypotheses are supported by (1) the recurrence of nephrotic syndrome after renal transplantation, (2) the reduction in the total B-cell count during remission of nephrotic syndrome, and (3) remission of the disease by depletion of B-cells [7] [8] [9] [10] . The latter can be achieved through administration of the chimeric monoclonal antibody rituximab (RTX), which inhibits CD20-mediated Bcell proliferation and differentiation. The CD20 antigen is a membranous protein found on B-cells as well as on malignant cells, such as non-Hodgkin's lymphoma (NHL). It was first introduced for the treatment of B-cell NHL and subsequently administered to patients with autoimmune diseases, such as rheumatoid arthritis, lupus erythematodes, or immunocomplex glomerulonephritis [11] [12] [13] .
During the last 5 years, a number of case reports and one prospective multicenter trial have been published on the use of RTX in children with complicated idiopathic nephrotic syndrome. The objective of this article is to critically analyze the results obtained in these preliminary studies and to propose future perspectives for this drug in cases of complicated idiopathic nephrotic syndrome. Children showing MCNS at the time of renal biopsy may subsequently present with either steroid-sensitive, steroid-or CyAdependent, or even with steroid-resistant nephrotic syndrome. Therefore, we have used the clinical response to these drugs rather than renal histology to categorize the disease entities in our analysis.
Method
We searched Pubmed with the combination of the key words, 'rituximab', 'nephrotic syndrome', and 'children'. Patients with lupus nephritis were excluded. A systematic review was performed to analyze all articles in terms of the initial clinical presentation of patients and the efficacy and safety of RTX.
Rituximab in children with steroid-or CyA-dependent nephrotic syndrome Table 1 provides an overview of the use of RTX in children with steroid-or CyA-dependent nephrotic syndrome. This summary is based on five case reports and 22 patients enrolled in a prospective multicenter trial [9, [14] [15] [16] [17] [18] . Patients enrolled in this multicenter trial suffered from frequently relapsing nephrotic syndrome necessitating intensive immunosuppressive therapy, including glucocorticoids, calcineurin inhibitors, cyclophosphamide, levamisol, and MMF, which was either not effective in inducing lasting remission and/or associated with severe drug toxicity [17] . In all except three children renal biopsy showed MCNS, and these patients suffered from FSGS. Rituximab was given as a rescue therapy to spare other immunosuppressive treatments. Most of the patients received from two to four weekly doses of RTX (375 mg/m²), and RTX treatment was generally repeated if peripheral CD19 cell counts increased to more than 1%.
In three of four patients presented in case reports who were free of proteinuria at the onset of RTX treatment, an ongoing remission of the nephrotic syndrome during a follow-up of 4-16 months was noted [9, [14] [15] [16] . However, in two of these individually recorded patients, RTX was repeated as the patients showed a relapse of the nephrotic syndrome [15, 18] . The girl reported by Gilbert et al. showed a relapse after 9 months, shortly following the reappearance of her CD19 cells. She responded to a second course of RTX [15] . One other patient who was nephrotic at the start of RTX treatment partly responded (decrease in proteinuria from 10 to 1 g/day within 4 months) [18] ; in addition, prednisolone, tacrolimus, and MMF could be tapered and discontinued in this patient. The return of CD19 cells was observed after 9 months, and a relapse occurred at 13 months. Low-dose prednisolone was not effective. Although, a second course of RTX resulted in complete B-cell depletion, no remission of proteinuria could be achieved [18] .
In the French multicenter trial, RTX was started during a proteinuria-free period in 15 of 22 patients; the remaining patients were nephrotic [17] . One of the latter patients showed FSGS. The median disease duration before RTX was 11 years (3.6-16.5). The administration of RTX resulted in a complete depletion of peripheral B-cells (i.e. CD19 count=0) in all patients that lasted from 2 to 11 months (median 6 months). The efficacy of RTX treatment strongly depended on the state of proteinuria at the start of RTX treatment. Seven patients were nephrotic at the time of RTX initiation, despite previous multiple immunosuppressive regimens. Of note, the addition of RTX to the otherwise unchanged immunosuppressive regimen induced remission in three of these patients after 21, 69, and 81 days, respectively.
In patients free of proteinuria at the start of RTX treatment, the concomitant immunosuppressive regimen could be significantly reduced (mean dose reduction 70%) after RTX administration with no relapse of proteinuria and without increasing other immunosuppressive drugs. One or more immunosuppressive treatments could be withdrawn in 19/22 patients (85%), and complete withdrawal was achieved in 5/22 patients (23%). Thus, RTX was effective in all patients when administered during a proteinuria-free period in association with other immunosuppressive agents.
When relapses did occur, they were usually associated with an increase in CD19 cell count; however, nine patients did not relapse despite the reappearance of CD19 cells at similar levels. Overall, adverse effects were observed in about half of the reported patients [17] . These were mild in five patients (cutaneous eruption, abdominal pain, headache, or mild hypotension) [17] . One patient showed atrial arrhythmia at the end of the first infusion, which did not reappear during subsequent infusions. One patient each showed transient bronchospasm or neutropenia with gingivitis. The latter patient subsequently developed Pneumocystis carinii pneumonia (PCP) despite cotrimoxazole prophylaxis during combined treatment with prednisolone, tacrolimus, and RTX. Therefore, the efficacy of PCP prophylaxis in patients on RTX treatment has to be clarified. In addition, hypogammaglobulinemia was observed in about half of the patients, and prolonged hypogammaglobulinemia has been reported. Thus, close monitoring for hypogammaglobulinemia is mandatory, and guidelines for immunoglobulin substitution in these patients have to be established. Despite these limitations, preliminary results on RTX as a rescue therapy in children with complicated steroid-or CyA-dependent nephrotic syndrome are promising to date.
Rituximab in children with steroid-resistant nephrotic syndrome
Ten children treated with RTX for steroid-resistant nephrotic syndrome have been reported to date (Table 2 ) [18] [19] [20] [21] . Renal biopsy showed FSGS in eight of these children and MCNS in two. The patients presented with persistent nephrotic syndrome despite intensive immunosuppressive treatment including oral/intravenous (i.v.) glucocorticoids, calcineurin inhibitors, MMF, and cyclophosphamide. In addition, previous plasma exchanges performed in two patients were ineffective. Rituximab was given in one up to four weekly doses of 375 mg/m² in all except one patient who twice received doses of 1 g every second week. Treatment with RTX resulted in complete remission in eight of the ten children within 8 months. However, one has to keep in mind that all patients remained on concomitant treatment with prednisolone and/or calcineurin inhibitors during the observation period. Each of these patients showed partial or no remission after RTX [18, 19] . The patient showing no remission to RTX presented with 80% sclerosed glomeruli, suggesting irreversible damage before treatment with RTX [18] . On the other hand, successful treatment with RTX of a patient with FSGS and a diminished renal function has been described [20] . A relapse of the nephrotic syndrome occurred in two of eight patients initially responding to RTX; this was completely resolved after a second course of RTX or prednisolone treatment. No side effects of RTX were reported in these small patient cohorts. Although the reported overall positive responses are rather promising, one must be aware of publication bias, since positive outcomes are more likely to be reported than negative ones.
Rituximab in children with recurrent FSGS after renal transplantation
To date, five pediatric patients with recurrent FSGS after transplantation who received RTX have been described [22] [23] [24] [25] (Table 3) . None of these patients responded to high dosages of calcineurin inhibitors, and they also responded only partly to plasma exchanges, which were performed in four of five patients. In the majority of patients, RTX was given in weekly doses of 375 mg/m² for 2-6 weeks, whereas one patient twice received 750 mg/m² every second week.
Overall response was variable and less effective than that in patients with steroid-dependent nephrotic syndrome or steroid-resistant nephrotic syndrome in their native kidneys. Two patients showed complete response within 9 months, one patient showed partly response within 2 months, and two patients were non-responsive to RTX. However, interpretation of these data is more difficult. In two patients showing complete remission after RTX, RTX was originally given to treat coexisting post-transplant lymphoproliferative disease (PTLD) [24, 25] . It cannot be excluded that the development of FSGS in these patients was related to PTLD. In the other patients, RTX was given in combination with plasma exchanges, making it impossible to draw conclusions on the efficacy of RTX contribution. On the other hand, response to RTX may be very slow and can thus be easily overlooked [22] . In two patients nonresponsive to RTX, complete B-cell depletion was not achieved, i.e. CD19 cell counts were 2 and 4%, respectively [23] . No side effects of RTX were reported.
Conclusions and future perspectives
Although anti-CD20 antibodies are a promising option for treating children with complicated nephrotic syndrome due to MCNS or FSGS, positive results should be interpreted cautiously, since they may be overestimated due to publication bias. To date, only one prospective nonrandomized, uncontrolled study involving an acceptable number of patients with steroid-or CyA-dependent nephrotic syndrome has been reported [17] . The safety profile of RTX in these children remains unclear: it was associated with hypogammaglobulinemia requiring immunoglobulin substitution in about half of the patients, and one patient developed PCP despite cotrimoxazol prophylaxis. Recent concerns have arisen due to reports of reactivation of JC virus and progressive multifocal leukoencephalopathy (PML) in patients receiving RTX for treatment of lupus nephritis (www.fda.gov/medwatch/safety/2006/safety06. htm#rituxan). At the present time, it is essentially impossible to estimate the risk of RTX-associated PML in patients with nephrotic syndrome. Consequently, careful clinical monitoring and, if indicated, investigation of spinal fluid are mandatory in these patients. In addition, controlled randomized studies that include patients with steroid-dependent and steroid-resistant nephrotic syndrome are required to prove the efficacy and safety of RTX, to evaluate the cost effectiveness of RTX treatment, and to determine which children will benefit. Although the limited number of patients is a serious obstacle for an adequately powered study, efforts should be taken to initiate such a trial. Suitable primary endpoints of such a multicenter trial are (1) frequence and duration of remission of proteinuria and (2) change in concomitant immunosuppressive medication. In addition, such a trial would allow the investigation of renal histology (i.e. MCNS and FSGS) as a predictor for the efficacy of RTX therapy.
Although not addressed systematically in the published reports, children being nephrotic at the time of RTX treatment appeared to respond only poorly. One may speculate that in these patients urinary loss of RTX is at least partly the cause of the reduced therapeutic efficacy. This together with the thus far unknown pharmacokinetic properties of RTX in children are further issues to be addressed in clinical trials. Furthermore, a careful genetic assessment of patients at the time of enrolment is of outmost importance to prevent the inclusion of patients suffering from hereditary-and thus therapy-resistantforms of nephrotic syndrome who would bias the results. At the present time, it is important to establish guidelines for the rescue treatment of patients with complicated steroid-/CyA-dependent or -resistant nephrotic syndrome. Some patients may show long-lasting B-cell depletion and remission after one single infusion of RTX, whereas others may require several courses. The measurement of the peripheral CD19 cell count (e.g. cut-off value of 1%) seems to be only a crude tool for monitoring-and not a reliable means for making a sound decision on whether or not to proceed with RTX therapy. Patients may show relapses while the CD19 cell counts are either elevated or even undetectable. The establishment of nationwide registries could aid in the search for preliminary answers to some of the above-mentioned questions.
